Germination in light and darkness was compared after cold stratification of seeds of 54 species known or suspected to accumulate persistent seed banks. Germination became less dependent on light with increasing seed mass. This pattern was clear in a direct correlation of individual species data (P <0.0001) as well as when considering phylogenetically independent contrasts (P <0.001). The latter analysis suggests that light response and seed mass coevolved.
Introduction
A light requirement for germination is one of the main determinants of the ability of species to accumulate a persistent soil seed bank (e.g. Baskin and Baskin, 1989; Pons, 1991; Milberg, 1994) . Seeds of some species have an initial light requirement for germination (Grime et al., 1981; Baskin and Baskin, 1988) , while those of other species seem to acquire a light requirement only after burial in the soil (Wesson and Wareing, 1969; Scopel, et al., 1991; Derkx and Karssen, 1993; Noronha et al., 1997) .
Light can penetrate only a few millimetres in soil (Kasperbauer and Hunt, 1988; Mandoli et al., 1990; Benvenuti, 1995; Cussans et al., 1996) . Hence, seeds could use absence of light to indicate burial at some depth while light would indicate location on or near the soil surface. However, seedlings from large seeds can emerge successfully from much greater depth than light can penetrate (e.g. del Arco et al., 1995) . Therefore, light would not be an appropriate germination cue for such species. Consequently, when comparing species whose seeds can accumulate in the soil, small-seeded species are expected to have a light requirement for germination, while germination in large-seeded ones might be expected to be indifferent to light. Such a pattern was, in fact, detected by Grime et al. (1981) , but that study included light responses of non-stratified seeds, which is less relevant in a field situation (most species do not germinate immediately after being shed, but after spending some time on or in the soil). Further, that study also included numerous species lacking the ability to persist in the soil, and a light cue for germination seems less relevant for seeds that cannot survive in the soil. However, it must be remembered that persistence in the soil is itself strongly correlated with seed size (Thompson et al., 1993; Hodkinson et al., 1998) and that large-seeded species with persistent seed banks are relatively uncommon.
We investigated the light requirement for germination in cold-stratified seeds of 54 species, with different seed masses (0.032-22 mg), known or suspected to form persistent soil seed banks (Thompson et al., 1997; personal observations) . The cold stratification simulated a winter and affects the dormancy level of seeds of most species and can, in some species, induce a light requirement for germination (Noronha et al., 1997) . Hence, the results reported here simulated the spring situation in a ruderal plant community, and it is important to note that the seed batches used differed in their dormancy level, with few being completely non-dormant. Therefore, we also tested the assumption that the proportion of seeds capable of germination in darkness is unaffected by dormancy level. Also worth noting is that although most species have physiological seed dormancy, a few possess physical dormancy. We looked for a direct relationship between seed mass and light requirement among the 54 species. However, since related species are likely to share similar attributes, such a test cannot explore evolutionary relationships. Therefore, we also looked for a relationship between phylogenetically independent contrasts (Harvey and Pagel, 1991) to test if seed mass and light requirement have coevolved.
Materials and methods
Seeds of the 54 species included in this study (Table 1) were collected in August 1994 in southern Sweden. They represent typical species growing in farm land, horticultural fields and ruderal habitats that have ripe seeds available at that time of the year. For most species, seeds were collected from three sites (separated by >3 km) but in some cases from only two sites or one (one and six species, respectively). For other details on the germination of these 54 species, see Milberg et al. (1996) and Milberg and Andersson (1998) , where some of the data presented here were reported in a different context.
Seeds were dried at room temperature (22 ± 2°C) for 10 days and stored for 2 months before the start of cold stratification. Batches of about 100 seeds (in some cases fewer owing to seed shortage, or more in species with minute seeds difficult to handle) were placed on filter paper (two Munktell 1003, 90 mm diameter) and wetted with de-ionised water (4.0 ml) in Petri-dishes (90 mm diameter). For each seed population, two dishes were sealed with parafilm, while two were immediately wrapped in aluminium foil. The dishes were then cold-stratified in complete darkness at 3 ± 0.5°C for 18 weeks (10-13 October 1994 to 10-15 February 1995; during which there was a 10-day period of about 11°C because of a power failure).
The germination experiment was conducted in a room with diurnally fluctuating temperature. The temperature was 3.5 ± 1.0°C for 9 h and 18.5 ± 2.0°C for 11 h, with transitions between these temperatures accounting for the other 4 h. This temperature regime corresponds with near-surface soil temperatures during the spring germination period in April and May in southern Sweden unpublished data) . Light exposure (12 h; PAR 10.5 ± 1.5 µmol m -2 s -1 ; ratio R/FR 8) coincided with the period with the high temperature and was provided by cool white fluorescent tubes (OSRAM L65W/20R). Seeds germinated in the light treatment were counted and removed regularly, but the dishes wrapped in aluminium foil were not opened until the experiment was terminated. Three weeks after the start of the germination test, when germination in light had ceased (germination in light proceeded more slowly than in darkness under parallel conditions; Milberg, 1997) , examination and termination of treatments started and lasted for about two weeks.
Germination percentages were recorded in light and in darkness, and based on viable seeds only, were used to calculate an index expressing a light requirement: Relative Light Germination (RLG) RLG = Gl / (Gd + Gl)
where Gl = the germination percentage in light, and Gd = the germination percentage in darkness. We considered relative values preferable to germination percentages since seed batches differed in their dormancy level. RLG represents a range of values varying from 0 (germination only in darkness) to 1 (germination only in light). RLG was not calculated for seed populations where less than 10% of the seeds had germinated in light or in dark (to exclude RLG calculations based on few seeds). Hence, the number of RLG values calculated per species varied (1-3), and we used the average of these for further analyses. Seed mass was determined for each seed population by weighing 20 batches of a known quantity of seed (often 100 seeds). We calculated an average seed mass for each species and used the logtransformed values in the analyses.
The linear regression between seed mass and RLG was analysed in two ways: with individual species data and by using phylogenetically independent contrasts. The latter analysis used a modified version of the CAIC (Comparative Analysis by Independent Contrasts) package (Purvis and Rambaut, 1995) . CAIC calculates the difference (i.e. contrast) in the traits of interest between pairs of species. This contrast represents the amount of evolutionary divergence since the taxa speciated from their common ancestor. In addition, CAIC calculates contrasts at internal nodes of a phylogeny. Since we do not know what the ancestral species at these nodes were like, values at nodes are averages of the species (or nodes) that evolved from them. It is possible to weight these averages by the branch lengths, but in the present analysis we assumed that all branch lengths were equal. A dichotomous phylogeny with n species yields (n -1) contrasts. In the present case, however, contrasts were fewer since we used a taxonomy that contained several polytomies. The important point is that each contrast is independent of all the others. A phylogeny based on molecular characters was used for higher taxonomic relationships between plant families (Chase et al., 1993) and within Asteraceae (Jansen et al., 1990) . Phylogenetic relationships below the family level were otherwise approximated from Stace (1991) . The null hypothesis states that seed mass contrasts and RLG contrasts are unrelated (i.e. no significant slope in a regression analysis of the contrasts). Put simply: evolutionary changes in seed mass are unrelated to changes in RLG. We tested this hypothesis by linear regression of standardised linear contrasts, forced through the origin [Purvis and Rambaut (1995) and Harvey and Pagel (1991) explain why the regression Table 1 . Average germination in light, average relative light germination (RLG) and average seed mass for species included in the study. Nomenclature follows Tutin et al. (1964 Tutin et al. ( -1980 (3) should be forced through the origin.]. Note that, in the present analysis, seed mass contrasts are ≥0. The RLG contrasts, however, can be either positive or negative, depending on whether they vary in the same or the opposite direction as seed mass. Hence, if increasing seed mass is associated with a decreasing light requirement, most of our RLG contrasts would be negative.
Results and Discussion
Although seed mass variation within a species is relatively small (Michaels et al., 1988; Fenner, 1992) , RLG of a species is likely to vary phenotypically (e.g. Schütz and Milberg, 1997; Andersson and Milberg, 1998) and/or to depend on post-dispersal treatments seeds have experienced. More specifically, species with physiological dormancy can undergo seasonal changes in dormancy level, and, as a consequence, RLG might change somewhat seasonally . Still, one of our assumptions was that RLG was relatively unaffected by dormancy level, and this was supported by the highly significant correlations (R 2 = 0.5013, P <0.0001, n = 28 species) between the RLG values reported here and similar ones calculated for fresh seeds (unpublished data). Hence, although this study resembled a field situation in the spring, when species exhibit various degrees of seed dormancy (indicated by the various germination percentages noted in the light treatment in Table 1 ), we believe that the same type of pattern would emerge irrespective of time of the year. It is also worth stressing that it is difficult to capture the light response in a single variable like RLG. The response to light is a complex one that depends not only on the dormancy level of the seeds but also on the photon fluence, its spectral composition and the temperature regime under which germination is tested.
Among the studied species, RLG, i.e. the response to light, clearly decreased with seed mass ( Fig. 1; F (1, 52) = 19.96, P <0.0001). Hence, our original hypothesis and the observations of Grime et al. (1981) were confirmed, suggesting that light as a germination cue becomes less important in species with relatively large seeds. Nevertheless, it is important to point out that RLG varies greatly (R 2 = 0.2774) and that a substantial amount of the variation is not accounted for by seed mass.
Six species germinated more or less equally well in light and darkness Avena fatua, Camelina microcarpa, Consolida regalis, Erodium cicutarium, Fumaria officinalis, Sinapis arvensis) and two germinated best in darkness (RLG ≤0.40; Galeopsis speciosa, Vicia hirsuta). All of these except Camelina microcarpa had relatively large seed masses (Table 1) . This, together with the fact that they belong to seven different plant families, showed that light consistently seems to be less important in large-seeded species.
The seed batches used in our study all come from a temperate part of the world, and the pattern detected might not be universal. In fact, the response to light can be reversed: in a Mediterranean climate, light inhibits germination and especially so in smallseeded species (Bell et al., 1995) , suggesting a scenario where germination on the surface of a rapidly drying soil might be especially detrimental for the seedlings of small-seeded species. Nevertheless, it is always difficult to compare studies that incubate seeds in different conditions (Baskin and Baskin, 1998) . Bell et al. (1995) used a relatively high photon fluence (80 µmol m -2 s -1 ) which could possibly explain the discrepancy between their results and ours. It is also possible that the large number of weed species from regularly cultivated arable land included in our study has biased our results towards a more profound association between light response and seed mass.
Since we were interested in evolutionary as well as ecological patterns, we also analysed the relationship between seed mass and RLG after taking phylogeny into account. In this analysis, there was also a significant negative relationship between seed mass contrasts and RLG contrasts ( Fig. 2; F (1, 39) = 17.48, P <0.001). Two moderately large negative RLG contrasts appeared near the root of the phylogeny. The first distinguishes grasses from dicots, while the second separates the subclass Asteridae from the remaining dicots. Therefore, it appears that the clear relationship between seed mass and RLG in modern angiosperms is at least partly accounted for by some ancient phylogenetic divergences. Adaptation to a frequently disturbed habitat could partly explain why seed mass and light requirement in some cases are not related. In an environment where disturbances occur with more or less regular intervals, as on arable land, seeds will be subjected to short light exposures in conjunction with soil cultivation or seed bed preparation (Scopel et al., 1994; Milberg, 1997) . Since such exposures indicate times suitable for seedling growth, it is possible that there might have been a selection for using a short light exposure as a germination cue that detects the optimal time of germination in annual weeds, rather than just nearness to the surface.
Conclusion
We conclude that a light requirement for germination is more likely in small-than in large-seeded species and that its likely ecological role is to sense depth of burial. Furthermore, the relationship remained even after taking phylogeny into account, suggesting that the light requirement coevolved with seed mass. 
